Background: Imbalance between protein synthesis and endoplasmic reticulum (ER) capacity to modify and fold proteins lead to the accumulation of unfolded proteins resulting in ER stress and apoptosis. Chaperones are major defense molecules assisting in protein folding, transport, and cellular signaling. ER stress plays a major role in the pathogenesis of diabetes mellitus (DM) and its complications, e.g., diabetic cataract. In the present investigation, the chemical chaperones 4-phenylbutyric acid (4-PBA), tauroursodeoxycholic acid (TUDCA), and trimethylamine N-oxide (TMAO) are used as potential therapeutic agents for alleviation of DM-induced ER stress and diabetic cataract in rats. Animals are subjected to biochemical analysis of blood and lenses for ER stress and apoptosis markers. Moreover, ophthalmologic examination and histopathologic examination of the lenses were done to confirm the results. Results: Both ophthalmic and lens histopathologic examination revealed that treatment with 4-PBA and TUDCA retarded the occurrence of cataract markedly. Whereas, treatment with TMAO caused a partial improvement of cataract. Moreover, biochemical tests showed that both 4-PBA and TUDCA produced a remarkable improvement in the ER marker levels (VEGF and caspase-12), GSH, MDA, TAC levels in lens tissues. On the other hand, TMAO had no significant effect on these parameters. However, Western blot analysis of lens homogenates showed a suppressed expression of GRP78 and CHOP after treatment with 4-PBA, TUDCA, and TMAO. Moreover, all treated groups showed a significant improvement of lens soluble proteins and their UV spectra absorption. A significant improvement in fasting blood sugar, GSH, serum MDA, and TAC were noted in all treated groups. 4-PBA produced a significant decrease in insulin resistance, whereas TUDCA and TMAO showed insignificant change. Conclusion: The present research found that the tested chaperones could be used as a therapeutic approach for clinically relevant disorders featuring ER dysfunction such as DM and for reducing its complications in the eye mainly cataract. However, TUDCA and 4-PBA were found to have a more potential efficacy in reducing most of the tested parameters as compared to TMAO.
Introduction
The endoplasmic reticulum (ER) is a central multifunctional organelle entrusted with post-translational modification, folding and maturation of proteins, lipid synthesis, and calcium storage (Walter and Johnson 1994) . Hydroxylation, lipidation, oligomerization, disulphide oxidation, and N-linked glycosylation are common modification to the majority of secreted proteins in the ER (Rajan et al. 2007 ). Factors including temperature, salt concentration, water, lipid bilayer, and chaperones play an important role in proper protein folding (Browm and Naidoo 2012) . The ER lumen has the highest Ca 2+ concentration within the cell and is densely populated with calcium-dependent chaperones such as glucose-regulated protein 78 kDa (Bip/ Grp78), Grp94, and calreticulin (Anelli and Sitia 2008) .
The sensitive folding environment in the ER can be disturbed by both pathological insults such as toxins, viral infections, inflammatory cytokines and excessive mutant protein expression, and by physiological processes such as aging and the large biosynthetic load as high insulin production in beta cells in response to food uptake (Fonseca et al. 2009 ). Imbalance between protein synthesis and ER capacity to modify and fold proteins can lead to the accumulation of unfolded proteins in the ER lumen. This condition is called ER stress (Balasubramanyam et al. 2010 ). However, ER triggers an adaptive mechanism termed the ER stress response or the unfolded protein response (UPR) to reduce overall protein synthesis speed by upregulating ER molecular chaperones recovering homeostasis (Kapoor and Sanyal 2009) .
Transduction of the UPR signal across the ER membrane is carried out by three transmembrane proteins; inositol-requiring protein-1 (IRE-1), protein kinase RNA (PKR)-like ER kinase (PERK), and activating transcription factor-6 (ATF6) (Hu et al. 2012) .
On excessive exposure to ER stress, apoptosis can occur through different mechanisms. The first involves transcriptional induction of CHOP gene (CCAAT/ enhancer-binding protein homologous protein) mediated by the three proteins IRE-1, PERK, and ATF6 (Zinszner et al. 1998 ). Another mechanism is through the recruitment of TNF-receptor-associated factor 2 (TRAF2) by IRE1 and the activation of apoptosis-signaling-kinase 1 (ASK1) followed by c-Jun N-terminal kinase (JNK) activation and cellular death (Urano et al. 2000) . Activation of caspase-12 initiates also a cascade terminating in apoptosis (Nakagawa et al. 2000) . Moreover, prolonged ER stress can result in cell necrosis associated with autophagy (Ishida and Nagata 2009) .
Upregulation of the chaperone capacity is considered one of the central ER stress defense strategies and homeostasis of the cell. They assist in protein folding, assembly of the macromolecular complexes, protein transport, and cellular signaling (Ullman et al. 2008 ). During stress conditions, their expression is highly regulated. If the chaperone activity is dysregulated, the unfolded, misfolded, or aggregated proteins are either targeted to degradation pathways or accumulate in cells, leading to impairment of function and eventually contributing to various diseases (Engin and Hotamisligil 2010) . In addition, chaperones can function as signal transduction molecules and play a role in histone-mediated chromatin remodeling (Ransom et al. 2010) .
Chaperons are classified into the molecular, pharmacological, and chemical chaperones. Molecular chaperones include nucleoplasmins, chaperonins, and heat shock proteins (Hsp) (Oikawa et al. 2007 ). Pharmacological chaperones are small molecular drugs that enter the cell and act by restoration of the folding ability of the mutant protein (Engin and Hotamisligil 2010) . Chemical chaperones are also small molecules that equilibrate cellular osmotic pressure, so they are termed osmolytes. They stabilize the misfolded proteins, reduce their aggregation, and alter the activity of endogenous molecular chaperones. Examples include carbohydrates (glycerol, sorbitol, inositol) , amino acids, and derivatives and methylamines (Welch and Brown 1996) .
Modifying chaperones or identifying chemical chaperones that can modulate or mimic the endogenous chaperones activity could become an important therapeutic approach for clinically relevant disorders featuring ER dysfunction such as diabetes mellitus (DM) and its complications in different tissues (Lipson et al. 2006) .
Worldwide, more than 285 million people are affected by diabetes mellitus. DM involves dysfunction of pancreatic β cell. Increasing evidence supports that ER stressmediated β cell dysfunction and death have a major role in the pathogenesis of both type 1 and type 2 diabetes mellitus. Exposure of β cells to inflammatory cytokines induces the production of nitric oxide (NO) which leads to the attenuation of the sarcoendoplasmic reticulum calcium pump by calcium ATPase2b (SERCA2b) and therefore the reduction of calcium in the ER. Calcium depletion leads to severe ER stress and the induction of the pro-apoptotic transcription factor CHOP (Cardozo et al. 2005) . The pro-apoptotic transcription factor ATF3, which is induced by pro-inflammatory cytokines and nitric oxide (NO), may also contribute to ER stress-mediated apoptosis in type 1diabetes (Hartman et al. 2004) .
Resistance to insulin action in peripheral tissues which is one of the primary presenting features of type 2 diabetes leads to the hyper-production of insulin in the β cell which overwhelms the folding capacity of the ER, leading to chronic activation of the UPR followed by β cell dysfunction and eventual β cell death. Several components of ER stress signaling that could contribute to this β cell loss including IRE1-JNK signaling, CHOP, and glycogen synthase kinase 3β (GSK3β) (Fonseca et al. 2009; Ozcan et al. 2004) .
A frequent ocular complication of DM is cataract which is considered a major cause of visual impairment in diabetic patients. Due to increasing numbers of diabetics worldwide, the incidence of diabetic cataracts steadily rises. Even though cataract surgery is an effective cure, the elucidation of patho-mechanisms to delay or prevent the development of cataract remains a challenge (Pollreisz and Schmidt-Erfurth 2010) .
The development of diabetic cataract is linked to intracellular accumulation of sorbitol resulting in osmotic stress which induces apoptosis in lens epithelial cells (LEC) and cataract formation. Osmotic stress induces stress in the ER that may also result from fluctuations of glucose levels initiating an UPR. UPR generates reactive oxygen species (ROS) and causes oxidative stress damage to lens fibers (Ikesugi et al. 2006b ). The free radical nitric oxide (NO•), another factor elevated in the diabetic lens and in the aqueous humor may lead to an increased peroxynitrite formation, which in turn induces cell damage due to its oxidizing properties.
Furthermore, increased glucose levels in the aqueous humor may induce glycation of lens proteins, a process resulting in the generation of superoxide radicals (O − 2 ) and in the formation of advanced glycation end products (AGE) that interact with receptors in the epithelium of the lens and further O − 2 and H 2 O 2 are generated (Pollreisz and Schmidt-Erfurth 2010) . In addition to increased levels of free radicals, diabetic lenses show an impaired antioxidant capacity, increasing their susceptibility to oxidative stress. The loss of antioxidants is exacerbated by glycation and inactivation of lens antioxidant enzymes like superoxide dismutases (Pollreisz and Schmidt-Erfurth 2010) . Moreover, in lenses of diabetic patients, the expression of calpain and caspase-12 increase significantly with longer duration of diabetes leading to apoptosis of LECs resulting in cataract formation (Ahn et al. 2016) .
Administration of chaperones could become an important therapeutic approach for ER dysfunction in diabetes mellitus (DM) and its complications in different tissues (Lipson et al. 2006) .
In the present study, three chaperones are of particular interest, namely 4-phenylbutyric acid (4-PBA), tauroursodeoxycholic acid (TUDCA), and trimethylamine N-oxide (TMAO).
4-PBA is an aromatic fatty acid used to treat urea cycle disorders, because its metabolites offer an alternative pathway to the urea cycle to allow excretion of excess nitrogen. 4-PBA is also a histone deacetylase inhibitor and chemical chaperone, leading respectively to research into its use in protein misfolding diseases (Yung et al. 2016; Cheang et al. 2017) .
TUDCA is the taurine conjugate of ursodeoxycholic acid (UDCA), a secondary bile acid produced by intestinal bacteria. Several studies have demonstrated that TUDCA serves as an anti-apoptotic agent for a number of diseases including diabetes and obesity (Vang et al. 2014) .
As regards the effect of TMAO in alleviating ER stress, it was reported that it attenuated ER stress in streptozotocin diabetic rats when it was administered for 12 weeks (Lupachyk et al. 2013) . Also, it partially protected human hepatoma cells palmitate-induced severe ER stress and deleterious UPR signaling (Achard and Laybutt 2012) .
In the present investigation, the chemical chaperones 4-PBA, TUDCA, and TMAO are used as potential therapeutic agents for alleviation of ER stress caused by DM in rats. Animals are subjected to biochemical analysis of blood, and lenses for ER stress and apoptosis markers. Moreover, ophthalmologic examination and histopathologic examination of the lenses were done to confirm the results.
Materials and methods

Chemicals
Chemicals used in this study were of high analytical grade. The antibodies against, CHOP, GRP78, and Beta-Actin were purchased from Cell Signaling Technology (USA), LSBIO (Seattle, Washington) and Rockland (Limerick, Ireland) respectively. Finally, secondary anti-rabbit IgG-horse-radish peroxidase polyclonal antibody was purchased from ENZO (USA).
Streptozotocin (STZ) is a glucosamine-nitrosourea which is commonly used to induce experimental diabetes in animals (Szkudelski 2001) . It was supplied as a crystalline solid from Cayman chemical (USA).
4-Phenylbutyric acid (4-PBA) was purchased from Acros Organics (Belgium) in the form of white to slightly yellowish crystalline powder.
Taurine conjugate ursodeoxycholic acid (TUDCA) is an ambiphilic bile acid. It is the taurine conjugate form of ursodeoxycholic acid (UDCA). It was purchased from DOP Organic Chemical.
Trimethylamine N-oxide (TMAO) is the organic compound in the class of amine oxides with the formula (CH 3 ) 3 NO. This colorless solid compound is usually encountered as the dihydrate. It was purchased from Sigma-Aldrich Company.
Animals
The experimental study was carried out on 95 male Wistar rats, weighing 150-180 g and obtained from the laboratory animal research house, Research Institute of Ophthalmology (RIO). The rats were housed in stainless steel cages with free access to drinking water and food. Animals were maintained under standard conditions of ventilation, temperature (25 ± 2°C), humidity (60-70%), and light/dark condition (12/12 h).
Animal care and protocols were in accordance with the guidelines and approval of the Ethical Committee of RIO. The experiment was performed in accordance to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Eyes of animals were examined by using slit lamp (Carl Zeiss) before induction of diabetes and those with any defect of lens or retina were excluded. After a week of adaptive feeding, the rats were randomly divided into a normal control group (NC, n = 15) and diabetes induction group (n = 80). NC rats were fed a normal control diet "NCD" (11% fat, 20% protein, and 67% carbohydrate, as a percentage of total kcal), while diabetes induction rats were fed a high-fat diet "HFD" (58% fat, 25% protein, and 17% carbohydrate, as a percentage of total kcal) (Srinivasan et al. 2004 ).
Induction of diabetes
After 2 weeks of dietary manipulation, the insulin resistance state was monitored through measuring the glucose and insulin levels in the blood of HFD-fed animals and calculating the homeostasis model assessment of insulin resistance (HOMA-IR). Rats with insulin resistance were injected intraperitoneally with low dose of STZ (35 mg/ kg body weight, dissolved immediately before use in 0.1 M citrate buffer, pH 4.4) after a period of 6 h fasting (Srinivasan et al. 2005) . Control rats were injected with equivalent volumes of the vehicle citrate buffer intraperitoneally. After 72 h, blood glucose was monitored in all rats via glucometer and animals whose blood glucose level exceeded 200 mg/dl were considered diabetic and included in the study (60 rats out of 80).
Experimental design
Rats were divided into the following groups.
Group I: The normal control group. The diabetic rats with insulin resistance were subdivided into equal four groups:
Group II: Diabetic model rats were left without treatment.
Group III: Diabetic rats received 4-PBA (D + 4-PBA) in a dose of 1 g/kg/day for 12 weeks by gavage (Ozcan et al. 2006) .
Group IV: Diabetic rats received TUDCA (D + TUDCA) in a dose of 500 mg/kg/day for 12 weeks intraperitoneally (Ozcan et al. 2006) .
Group V: Diabetic rats received TMAO (D + TMAO) in a dose 110 mg/kg/day for 12 weeks in drinking water (Lupachyk et al. 2013) .
Drugs in groups III, IV, and V were administered starting from induction of diabetes and continued daily for 12 weeks. Fasting blood glucose and body weights were monitored weekly.
Ophthalmological examination
Eyes of all animals were subjected to ophthalmological examination by the same examiner every week during the experimental period. All pupils were fully dilated with topical instillation of one drop of tropicamide eye drops in each eye, followed by another drop after 10 min. Then, lens examination and photography was done using slit lamp biomicroscopy (Huvitz, HS 5000, Shanghai, China). Lens changes were categorized and graded according to Suryanarayana et al. (2003) 
Sample collection
At the end of the experiment, all rats in the normal control and experimental groups were anesthetized with diethyl ether. Blood was drawn from retero-orbital plexus (inner aspect of eye) using heparinized capillary tubes and divided into three test tubes:
-In the first tube, sodium fluoride and EDTA were added to determine blood glucose level. -In the second tube, 150 μl of acid citrate dextrose were added to determine reduced glutathione. -The third tube was left to clot and serum was separated by centrifugation at 3000 rpm for 10 min. The serum was used for estimation of malondialdehyde, total antioxidant capacity, and insulin.
After obtaining blood samples, animals were sacrificed and the eyes were enucleated for dissection of lenses. Lenses were cleaned from blood with 0.9% NaCl and divided into two categories:
-The first: lenses were weighed and stored at − 70°C for biochemical investigation. -The second: lenses were fixed in glutaraldehyde 4%
for 6 h for histopathological examination.
Biochemical analysis Measurement of fasting blood glucose and serum insulin
Plasma glucose was determined by the method described by Trinder (1969) . Serum insulin was determined using DRG Rat Insulin ELISA Kit according to manufacturer's instructions. Homeostasis model assessment-insulin resistance (HOMA-IR) was calculated to measure insulin sensitivity of rats fed the experimental diet by the following (Matthews et al. 1985) .
Measurement of malondialdehyde
The extent of lipid peroxidation was monitored through measuring the level of malondialdehyde (MDA) by the method described by Ohkawa et al. (1979) .
Measurement of reduced glutathione
Erythrocyte glutathione (GSH) concentration was determined by the method described by Beutler and Duron 0 and Kefly B M. (1963) and according to the method modified by Xu et al. (1992) in lens homogenate.
Measurement of total antioxidant capacity
The total antioxidant capacity (TAC) was determined by the method described by Koracevic et al. (2001) .
Measurement of lens caspase-12
Caspase-12 level (marker of endoplasmic reticulum stress and apoptosis) was determined in the soluble fraction of tissue homogenate using a double-sandwich ELISA Kit for rat caspase-12 from My Bio Source (USA) following the manufacturer's instructions. The pre-coated antibody was Rat Caspase-12 monoclonal antibody and the detecting antibody was polyclonal antibody with biotin labeled. The developed color was measured with the micro-plate reader Stat fax 303 plus (USA) at 450 nm. Absorbance readings were converted into concentration values using a standard curve.
Measurement of lens vascular endothelial growth factor
Levels of vascular endothelial growth factor (VEGF) were quantified in the lens by an ELISA method using a kit from R&D Systems, MN. The standard solution or the samples were added in a 96-well plate that was pre-coated with a monoclonal antibody. The samples were incubated for 2 h, and after washing the plate the samples were incubated with rat VEGF-conjugate. The developed color was measured with the micro-plate reader Stat fax 303 plus (USA) at 450 nm. Absorbance readings were converted into concentration values using a standard curve.
Western blot analysis
A weight of 0.2 g lens was homogenized in 1 ml of ice-cold lysis buffer (Glycerol, Triton × 100, 5 M NaCl, 1 M HEPES-NaCl pH 7.5, 0.5 M EDTA, 0.1 M MgCl 2 , Protease inhibitor cocktail (ENZO)) to obtain 20% (w/v) whole tissue homogenate. The homogenate was then centrifuged at 13,000 rpm for 20 min at 4°C. The supernatant of the whole cell lysate was aspirated carefully, and the concentration of total protein was determined according to Bradford (1976) . Proteins were separated by SDS-PAGE method (Laemmli 1970 ) with minor modifications (Sambrook et al. 1989) . Proteins separated on SDS-PAGE were transferred onto a nitrocellulose membrane in a Mini Trans-Blot electrophoretic transfer cell (BioRad, USA) according to the method described by Towbin et al. (1979) , and incubated with primary antibodies for 2 h with gentle shaking at room temperature or overnight at 4°C. The following primary antibodies were used: mouse anti GRP78, rabbit anti CHOP, and rabbit anti-beta actin monoclonal antibody as an inner reference protein and diluted as per the manufacturer's recommendations. Target antigens were reacted with primary antibodies and subsequently secondary antibody, i.e., horseradish peroxidase-conjugated anti-rabbit IgG. Immunoreactive bands were developed using chemiluminescence detection system (GE Healthcare). The proteins band intensity was expressed by Image Studio Lite software from LI-COR, Inc. (Lincoln, NE, USA).
Isolation of soluble and insoluble proteins
De-capsulated lenses were homogenized in tris-glycine buffer (pH 7.5). The homogenate was centrifuged at 10,000×g for 15 min at 4°C. The supernatant was collected. The obtained supernatant comprised of the water-soluble lens proteins. Obtained pellet was suspended (1:1) in solution containing 7 M urea and 50 mM Tris-HCl (pH 7.4). The homogenate was centrifuged at 10,000×g for 15 min. The supernatant was collected and the procedure repeated thrice. The obtained supernatant comprised of the insoluble lens protein.
Measurement of lens protein content
Protein content was measured in both the soluble and insoluble fractions of lens homogenates by the method of Lowry et al. (1951) . The total lens protein content and the ratio of soluble to insoluble protein levels were also calculated.
Ultraviolet spectroscopy of soluble lens protein
To understand the mechanism of altered soluble protein tertiary structure and conformational changes, the tertiary-structural states was monitored by ultraviolet (UV) spectra. A sample of 0.25 ml of soluble lens protein fraction was aspired using an aspiration syringe and diluted to 1 ml with phosphate buffer solution (pH 7.4) in a quartz cuvette. The samples were scanned in the range of 250-320 nm using a Jasco spectrophotometer (Tokyo, Japan) and the acquired data were analyzed using internal integrated software supplied with the instrument (Paik and Dillon 2000) .
Histopathological examination
Lenses were fixed in glutaraldehyde 4% for 6 h, and then they were cut into two halves at the equator and left overnight in phosphate buffer solution. Finally, they were soaked in Mollifex solution (BHD Company) for 3 weeks in order to decalcify the lenses. The specimens were post fixed in osmium tetroxide and dehydrated in ascending grades of ethanol. The specimens were embedded in araldite CY502 and semi-thin 1-μm-thick sections were cut for light microscopy and stained with toluidine blue (Glauret 1965) .
Statistical analysis
Values were expressed as the mean ± SD. Differences between experimental groups were evaluated by one-way analysis of variance (ANOVA) using the statistical package for social sciences (SPSS) software package for Windows (version 17; Armonk, New York, EUA, IBM Corporation). Differences were considered significant at P value less than 0.05.
Results
Ophthalmologic examination
Lens examination by slit lamp biomicroscopy revealed the different stages of cataract changes in each animal. All animals of control group were of stage 0 with clear appearance of the lens as showed by slit lamp photography (Table 1 and Fig. 1 ). At the end of the experiment, the untreated diabetic model animals of group 2 showed different stages of cataract formation with the majority of the rat eyes having stage 3 cataract changes (6.7% in stage 1, 13.3% in stage 2, 53.3% in stage 3, and 26.7% in stage 4). Slit lamp photography showed lens opacity with equatorial vacuoles and granular deposits on the anterior surface in the lens (Table 1 and Fig. 2) . Treatment with 4-PBA and TUDCA in groups 3 and 4 respectively caused dramatic improvement as most of the rat eyes were of stage 0 (86.7% in stage 0 and 13.3% in stage 1 for 4-PBA; 80% in stage 0 and 20% in stage 1 for TUDCA). Slit lamp photography showed clear lens in most of the animals with disappearance of the vacuoles and deposits that were observed in untreated diabetic model eyes (Table 1 and Figs. 3 and 4) . In group 5, treatment with TMAO also caused improvement of cataract as 26.7% were of stage 0 and 40% of stage 1 but still 20% of animals were of stage 3 and 13.3% of stage 4. Slit lamp photography showed lens opacity with water vacuoles inside the lens (Table 1 and Fig. 5 ).
Biochemical analysis Effect of chemical chaperones administration on diabetic markers
Fasting blood sugar levels were within the normal range in control group 1 all through the duration of the experiment. Three days after injection of streptozotocin, blood sugar levels were significantly elevated and continued till the end of the 3 months in untreated diabetic model rats of group 2. Treatment with 4-PBA, TUDCA, and TMAO for 3 months (groups 3, 4, and 5 respectively) caused significant decrease of fasting blood sugar levels when compared to untreated model but they were still significantly higher than controls (Table 2) .
When compared to controls, induction of diabetes caused a significant decrease in serum insulin levels in untreated diabetic model as well as in the three treated groups which produced slight but insignificant rise in serum insulin levels by the end of the experiment (Table 2) .
Insulin resistance as measured by HOMA-IR test was significantly higher in untreated diabetic model when compared with controls of the three treatment groups, only 4-PBA was effective and produced significant decrease in insulin resistance compared with untreated model but the level was still significantly higher than controls. On the other hand, TUDCA and TMAO showed insignificant change in insulin resistance compared with untreated model (Table 2) .
Effect of chemical chaperones administration on oxidative stress and antioxidant status
Markers of oxidative stress and antioxidant status were measured, namely blood GSH, serum MDA, and serum TAC and they were all significantly deteriorated in the untreated model and significantly improved in all treated groups. Blood GSH and serum TAC were significantly reduced in the untreated diabetic model compared with controls. Treatment in groups 3, 4, and 5 caused significant elevation in their levels compared with the untreated model but the levels were still significantly lower than controls except for group 3 treated with 4-PBA which produced complete recovery of blood GSH level as it was insignificantly different from controls. Serum MDA concentrations were significantly increased in the untreated model compared with controls and significantly decreased in all treated groups compared with untreated model. However, none of the three drugs produced complete recovery of MDA levels as they were still significantly higher than controls (Table 3) . Examination of the lens tissue biochemically for the oxidant/antioxidant markers GSH, MDA, and TAC showed that they were all significantly deteriorated than controls in untreated diabetic model rats of group 2. Treatment with 4-PBA in group 3 produced significant improvement in all three parameters. Levels of GSH and TAC were significantly elevated than untreated model but were still significantly lower than controls. The level of MDA was significantly decreased than untreated model and insignificantly different from controls. Treatment with TUDCA in group 4 produced significant increase in GSH level, significant decrease in MDA level, and insignificant change in TAC level when compared to untreated model. Glutathione level was still significantly lower than controls while MDA level was more improved as it was insignificantly different from control value. Treatment with TMAO in group 5 did not produce any significant change in all three parameters as they were insignificantly different from untreated model and significantly deteriorated from control value (Table 4) . By measuring VEGF and caspase-12 (endoplasmic stress marker) in lens tissue, they were significantly higher than controls in untreated model. In groups 3 and 4, treatment with 4-PBA and TUDCA respectively produced significant depression in VEGF and caspase-12 levels compared with untreated model rats. The levels were insignificantly different from controls except for the effect of TUDCA on VEGF as the level was still significantly higher than controls. On the other hand, there was no significant effect on both parameters when rats were treated with TMAO in group 5. Levels of VEGF and caspase-12 were insignificantly different from untreated model and significantly higher than controls (Table 5) .
Effect of chemical chaperones administration on ER stressassociated protein markers
Western blot analysis of ER stress-associated protein markers (GRP78 and CHOP) in lens homogenates of control and experimental groups was done. The expression of GRP78 and CHOP in lens of untreated diabetic model rats was increased compared to normal control rats. This increase was suppressed by treatment of diabetic animals with 4-PBA, TUDCA, and TMAO in groups 3, 4, and 5 respectively (Fig. 6) .
Effect of chemical chaperones administration on soluble and insoluble lens proteins and its ratio
The alteration in lens protein profile and insolublization of soluble protein has been considered to be the ultimate factor in lens opacification. Therefore, we analyzed the soluble and insoluble protein content in all groups. A significant decrease in the level of soluble protein fraction and the ratio of soluble/insoluble proteins was recorded in the lenses of diabetic model rats compared to normal group. In addition, diabetic untreated animals showed a significant increase in the level of insoluble proteins compared to normal rats. Treatment of diabetic rats with 4-PBA, TUDCA, and TMAO in groups 3, 4, and 5 respectively significantly reduced these changes. The ability of 4-PBA and TUDCA to improve the decrease in soluble /insoluble ratio of lens protein was remarkable ( Fig. 7) .
Effect of chemical chaperones administration on ultraviolet spectroscopy of lens crystallins
To explore the altered tertiary structure and conformational changes of lens crystallins, the tertiary structure of soluble lens proteins was investigated by ultraviolet (UV) spectra in all studied groups. UV absorption around 280 nm showed a sharp decrease of intensity of soluble lens proteins in diabetic untreated rats compared to normal controls suggesting conformational changes at the tertiary structural level. Treatment of diabetic rats with 4-PBA, TUDCA, or TMAO greatly reduced changes in the tertiary structural level of soluble lens proteins manifested by absorption spectra more or less similar to that obtained for normal lenses (Fig. 8) .
Effect of chemical chaperones administration on lens histopathological changes
Lens histopathologic examination was performed by the light microscope. Examination of the lens of control albino rats of group 1 showed the normal appearance of the lens capsule (C), lens epithelium (E), and lens fiber cells (F) (Fig. 9 ). In the untreated diabetic rats of group 2, the lens capsule was thickened with decreased mitotic figures of lens epithelium. Plenty of vacuoles were observed in the lens fiber cells (Fig. 10) . Treatment of diabetic animals with 4-PBA caused improvement of the histopathologic picture with almost normal appearance of the lens except for the presence of thickened lens capsule (Fig. 11) . Treatment of diabetic animals with TUDCA also caused improvement of the histopathologic picture as the lens was almost devoid of pathological changes (Fig. 12) . On the other hand, treatment of diabetic rats with TMAO caused much less improvement of the histopathologic picture of the lens. There was loss of mitotic figures of lens epithelium, and discontinuity of lens capsule with severe vacuolar changes of lens fiber cells (Fig. 13) .
Discussion
Many studies have greatly increased our knowledge concerning the association between diabetes and cataract formation and have defined many risk factors for the development of cataract. This study aims to spot a light on the role of endoplasmic reticulum (ER) stress in the pathogenesis of diabetic cataract. In addition, the chemical chaperones 4-PBA, TUDCA, and TMAO are used as potential therapeutic agents for alleviation of ER stress and cataract caused by DM in experimental animals (Lipson et al. 2006) . In the present work, insulin resistance was induced in rats by high-fat diet administration for 2 weeks then rats with insulin resistance were injected STZ intraperitoneally to induce a diabetic animal model. Slit lamp biomicroscopy at the end of experiment revealed that untreated The findings of the current work run in parallel with the study of Mulhern et al. (2007) who reported that cellular osmolytes including 4-PBA, TMAO, and TUDCA rescued cultured human LECs which were subjected to ER stressors. Moreover, when they were administered either orally or by injection into galactosemic rats, a significant reduction in lens epithelial cell death and partial delay in cataract formation was noticed.
Current work examination of the lens tissue biochemically for GSH, MDA, and TAC levels showed that treatment with 4-PBA produced a significant improvement in all three parameters. Treatment with TUDCA produced a significant improvement in GSH and MDA levels and insignificant change in TAC level when compared to untreated model. Whereas treatment with TMAO did not produce any significant change in all three parameters.
Similarly, both 4-PBA and TUDCA produced a significant depression in the endoplasmic stress markers levels (VEGF and caspase-12) in lens tissues when compared to untreated model rats. On the other hand, there was no significant effect on both parameters when rats were treated with TMAO. However, Western blot analysis of lens homogenates of diabetic model rats showed that the increased expression of GRP78 and CHOP in untreated models was suppressed by treatment of diabetic animals with 4-PBA, TUDCA, and TMAO. On excessive exposure to stress as in DM, apoptosis can occur through different mechanisms. The main one involves transcriptional induction of CHOP gene. Under normal conditions, CHOP is barely detected but during ER stress, it is strongly induced and promotes apoptosis (Zinszner et al. 1998) .
Our results are supported by the work of Kawasaki et al. (2012) . They treated mice fed a high-fat diet with TUDCA or 4-PBA and noted a significant downregulation of the gene expression levels of ER stress markers and inflammatory cytokines. The study of Achard and Laybutt (2012) also has noted the attenuation of ER stress markers by TUDCA administration to human hepatoma cells.
The alteration in lens proteins profile and insolublization of soluble proteins has been considered to be the ultimate factor in lens opacification. Currently, a significant decrease in the level of soluble protein fraction and an increase in the insoluble proteins was recorded in the lenses of diabetic model rats. Treatment with 4-PBA, TUDCA, and TMAO significantly reduced these changes. That was also supported by measuring UV spectra absorption of soluble lens proteins. It showed that the sharp decrease of intensity (indicating tertiary structure and conformational changes) observed in diabetic untreated rats was greatly reduced by treatment of diabetic rats with 4-PBA, TUDCA, or TMAO.
The current findings are confirmed with the study of Gong et al. (2010) who reported that in vitro treatment of lens cells with 4-PBA reduced the defective phenotype of mutant gamma D-crystallin and rescued the affected cells from apoptosis. Gamma D-crystallin is the major structural lens protein and its mutations results in congenital cataract formation (Gong et al. 2010) .
Also, TMAO was found to be able to reduce the aggregation of mutant alpha crystallins in human lens epithelial cells, alleviate ER stress, and rescue the affected cells from apoptosis ). Moreover, TUDCA was reported to protect the chaperone activity of α-crystallins in human lens in vitro (Song et al. 2011) .
Later, other tissues in diabetic mice were studied in which TUDCA reduced the increase in ER stress marker expression (CHOP, ATF4, ATF6, and phosphorylated-eIF2α) induced by diabetes in heart and mesenteric resistance arteries (Galán et al. 2012) . Also, in vitro TUDCA was able to ameliorate palmitate-induced impairment of vasodilatory response to insulin in intact vessels isolated from high-fat fed mice (Kim et al. 2015) . More recently, Cheang et al. (2017) have reported that oral administration of TUDCA to diabetic mice was found to decrease ER stress and to protect against endothelial dysfunction. In addition, another study by Battson et al. (2017) has reported that acute incubation and chronic administration of TUDCA improved endothelium-dependent dilation in mesenteric arteries of type 2 diabetic mice. Chronic TUDCA administration also reduced arterial stiffness and was associated with reductions in ER stress markers in aortic and perivascular adipose tissue.
In the present work, induction of diabetes caused a significant decrease in serum insulin levels in untreated diabetic model as well as in the three treated groups which produced slight but insignificant rise in serum insulin levels by the end of the experiment. Insulin resistance as measured by HOMA-IR test was significantly higher in untreated diabetic model when compared with control of the three treatment groups. 4-PBA was effective and produced a significant decrease in insulin resistance compared with the untreated model but the level was still significantly higher than controls. On the other hand, TUDCA and TMAO showed insignificant changes in insulin resistance compared with untreated model. However, treatment of diabetic rats with the three tested drugs caused a significant decrease in fasting blood sugar levels when compared to untreated model but they were still significantly higher than controls. These findings are parallel to the study of Kars et al. (2010) who treated obese patients with TUDCA for 4 weeks and noted a significant increase in hepatic and muscle insulin sensitivity with a significant increase in muscle insulin signaling which reflects an improved insulin resistance. Moreover, it was found that administration of TUDCA at the prediabetic stage resulted in a marked reduction of diabetes incidence in two different mouse models of type1 diabetes (Engin et al. 2013) . Later, Zhang et al. (2016) treated diabetic mice with intraperitoneal TUDCA and noted a significant reduction of blood glucose level with a significant decreased expression of ER stress markers along with decreases in ER stress-associated apoptotic markers.
Blood GSH, serum MDA, and TAC were significantly improved in all present treated groups. It is to be noted that 4-PBA produced complete recovery of blood GSH level. However, none of the three testes drugs produced complete recovery of MDA levels as they were still significantly higher than controls.
Many studies have spotted a light on the therapeutic potential of the tested chaperons. 4-PBA was effective in reducing phosphorylation of eIF2α which is one of the ER stress markers in placental samples obtained from women suffering from gestational diabetes (Yung et al. 2016) . It protected also against endothelial dysfunction in diabetic mice by decreasing ER stress (Cheang et al. 2017) . As regards TUDCA, it is a potent inhibitor of apoptosis, in part by interfering with the upstream mitochondrial pathway of cell death, inhibiting oxygen-radical production, reducing ER stress, and stabilizing the UPR (Vang et al. 2014) .
Concerning TMAO, it is a small molecule that equilibrate cellular osmotic pressure. It has been suggested that it stabilizes the misfolded proteins, reduce their aggregation, and alter the activity of endogenous molecular chaperones (Welch and Brown 1996) . In human trabecular meshwork cells, it facilitated the folding and secretion of mutant myocilin, reduced its distribution in the ER, alleviated ER stress, and rescued cells from apoptosis (Jia et al. 2009 ). Furthermore, this osmolyte was able to attenuate ER stress, peripheral nerve dysfunction, and intraepidermal nerve fiber loss with inhibition of sciatic nerve and spinal cord oxidative-nitrative stress in streptozotocin diabetic rats (Lupachyk et al. 2013) .
Conclusions
In summary, we established the effective role of the tested chaperones to be used as a therapeutic approach for clinically relevant disorders featuring ER dysfunction such as diabetes mellitus (DM). In addition, the ability of these compounds to decrease the ocular diabetic complications mainly cataract was noticed. Our results had verified (TUDCA) and (4-PBA) were found to have a more potential efficacy in reducing most of the tested parameters as compared to (TMAO). However, further investigations both on animals and humans are needed to spot more lights on the roles, efficacy, and potential side effects of chaperones on ER stress-related diseases. 
